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GENERAL INTRODUCTION 
The purpose of this investigation was to determine the Gibhs free 
energies, enthalpies, and entropies of formation of intermediate phases 
in the yttrium-iron and yttrium-cohalt systems. 
Investigation of the literature showed very little experimental 
thermodynamic data for yttrium-transition metal alloys. Miedema (U has 
developed a theoretical scheme for predicting the enthalpy of formation 
of binary intermetallic compounds on the basis of an atomic model. 
Watson and Bennett (2,3) have employed a d-electron energy band theory 
model to estimate the enthalpy of formation of equiatomtc transition 
metal alloys. Detailed description of the two trodels will be found 
later. In the case of the Y-Fe and Y-Co systems, the initial values 
predicted by the two models were quite different. These binary systems 
were, therefore, chosen for the present investigation in order to pro­
vide experimental data for testing the two models. 
The thenmdynamics of formation of the Y-Fe and Y-Co intermediate 
phases were determined by the electromotive force technique. Single 
crystalline CaFg was used as the solid electrolyte and the EHF measure­
ments were made with all components in the solid state. This technique 
has been used successfully by Skelton and co-woriiers (4-6) in the ther­
modynamic investigation of thorium alloy systems, and the relative sim­
plicity of this technique makes this method the most expedient one for 
determining the thermodynamics of formation of Y-Fe and Y-Co intermedi­
ate phases. 
2 
Electroirotive Force Cells 
The basic details of the electromotive force apparatus have been 
described In detail by Skelton and co-workers (4). The EMF cells used 
In this investigation were of the type 
Y, YFgtGaFgiVFa* W. (la) 
or 
y. YFjICaF^IVFj. YM^ (lb) 
where H » F# or Co» and M and or YW^ and YM^ are neighboring 
phases in the equilibrium diagram. 
According to Darken and Gurry (7), the electrical work done on a 
galvanic cell operating at a potential £ for a period of time such that 
n graiw-electrons of current flow is given by 
W, '  n E (2) 
where f is the Faraday constant and Is the charge of I gram-electron. 
Under reversible conditions, the Gibbs free energy change at constant 
temperature and pressure Is defined by the equation 
a6 = -Wg (3 )  
3 
The free energy change for the cell reaction Is, therefore, related to 
the EMF of the cell by the following equation: 
For an electrolyte which conducts by both electronic and ionic transfer, 
Steele (8) has derived the following equation for the open circuit cell 
voltage: 
where the i»'s refer to the chemical potentials of the anion at the two 
electrodes, z Is the valence, and tj^^ is the transference number 
of the anion. For reversible cell operation, the solid electrolyte must 
exhibit only ionic conductivity, Ure (9) has found that the transfer­
ence number of the fluorine ions in CaF^ is virtually unity over the 
temperature range 600° to 1000*0. Winze and Patterson (10) have shown 
that CaFg can be employed successfully as a solid electrolyte, with 
negligible electronic conductivity, over a wide range of temperatures 
and fluorine activities. Under these conditions, Eq. (5) can be written 
as 
ôG • -nFE (4 )  
(S) 
(6) 
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where up's and ap's are the chemical potentials and activities, 
respectively, of fluorine in the two electrodes. 
The galvanic cells in Eqs, (la) and (lb) operate on the basis of 
two half-cell reactions, each corresponding to a reaction at the 
electrolyte-electrode interface. The half-cell reactions can be written 
as 
Y + 3F' • VFj • 3e ( ? )  
3e" > YF^ > cM • YM, • 3F' i c (8a) 
or 
5»' ' "3 • ( i-rr ) '"'a • ( ) '"b • (8b) 
resulting in the cell reactions 
Y + cM • YM 
• c 
(9a) 
and 
* ^ ) «"a Î ( ) "«b • (9b) 
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Under equilibrium conditions, the free energy change for the reaction in 
Eq. (7) is given by 
(8^.) 
AG[71 - 0 - aG'EYF.l + RT In ^ (10) 
^ ay(af_)3 
and the free ener^ change corresponding to the reaction in Eq. (8a) is 
*YM (*F-) 
AG[8a] • 0 » aG'C^MJ - aB'CVF J 4. RT In w . (II) 
y, YMg, and VFJ are alî solid phases with negligible mutual solubili­
ties. Their activities can, therefore, be regarded as unity. Equations 
(10) and (ID can be cmbined to give 
(al.)3(a:.)3 
6G'[YM } '  -RT In ••• ^ y • .  . (12) 
{a;_)3{af.)J 
The activities of the mobile electrons on each side of the cell are the 
same. Equations (12) and (6) can, therefore, be combined to give 
AG"[YMg] = -SfE^g (13) 
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where Is the standard free energy of formation of YWg. If 
the standard free energy values are linearly dependent on the tempera­
tures, the entropy of the cell reaction is related to the experimental 
IMFs hy the relation 
AS" • 3 )p • (14) 
The enthalpy of formation is determined by combining the free energy 
values and the entropy values, and is given by 
AH" • .3F( Egc - T ( .  (IS) 
The relations derived above are applicable only when the galvanic cells 
are operated under reversible conditions. 
OrianI (U) has established experimental criteria for reversibil­
ity, In a cell operating reverslbly, the measured volta^ should be 
independent of time at constant temperature, should be reproducible 
Irrespective of whether It is approached frcw higher or lower tempera­
ture, and should recover its value after the passage of a small awwnt 
of current In either direction through the cell. 
If the electrochemical cells are operated reverslbly at fixed tem­
perature, electromotive force values provide direct measures of the 
Gibbs free energies of cell reactions. Moreover, if pure solid phases 
7 
are chosen as standard states, and if the phases have invariant activi­
ties, the electromotive force data are directly convertible to standard 
Gibbs free energies of phase formation. 
Explanation of the Format 
The first section of this thesis contains a report on the thermo-
f^natnics of formation of all four intermediate phases in the Y-Fe sys­
tem. This report was accepted for publication in CALPHAO journal. 
The second section deals with the thermodynamics of formation of 
mime imtermediate phases in the Y-Co system. This report has been sub­
mitted to METALLURGICAL TRANSACTIONS for publication. 
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THEORY 
Watson-Bennett Model 
Watson and Bennett (2,3) have employed an electron band theory 
model for predicting the enthalpy of formation of transition metal al­
loys at the eqwtatomlc composition. The concept was developed by 
Frledel (12), who showed that the cohesion of a transition metal is 
partly due to the broadening of the partially filled d electron levels 
Into a hand. The Friedel model assumed a rectangular d-hand density of 
states, for which the gain in bonding energy Is given ky the difference 
between the band center, C, and the energy of the occupied levels, Ep. 
This implies that filling of energy levels below the band center In­
volves a gain in bonding energy, whereas there is a net loss of energy 
for electrons filling antibonding levels above the band center. Ac­
cording to Friedel, the cohesive ener^ contribution is given by 
where Ep is the Fermi level, M(E) is the density of states, and C is 
the hand center of gravity. For rectangular density of states, Eq. (16) 
reduces to 
/ (E - C)M(E)dE (16) 
E, 
(10 - n^) 
Fr '  ""d 25 " (17) 
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where W Is the hand width and n^ Is the number of electrons per atom 
occupying the d hands. 
The single particle contribution to the total d electron energy Is 
given by 
{10 - n .) 
E - n^C - n  ^  ^ W . (18) 
The enthalpy of formation of an equlatomic AB alloy Is, therefore, given 
by the following relation; 
'  ^A8 " 7 ^ 
* "AB^AB " "AB ZO^ ^A8 
% (lO-n.) (lO-n») 
" 7 ' "A — "A " %h ' % -13— (1*) 
where ng, and n^g are the numbers of occupied d-band levels 
in metals A and B and in the alloy AB, respectively, and C and W are 
their centers of gravity and bandwidths, respectively. In the above 
formulation, the elemental hand centers and bandwidths are taken to be 
the values for the pure metals, and for a first approximation 
10 
\ * "B 
"AB " —2 (20*) 
and 
Sb - 2 ^ . (20b) 
Fbe sUoy bandwidth, W^g, is dependent on the elemental bandwidth^, 
and WG, and the separation, ôC, of the two centers of gravity. 
From Pettifor's (13> theory 
W. * W. 2 1/2 
"AB • ( ( -S~I) • IUCF ] (21) 
where AC » Cg - C^. 
a result of alloying, however, the values for the band centers, 
and Cg, and the bantWidths, and Mg, corresponding to the 
atoR» ^ and 8 in the allqy may not be the same as the values in the pure 
metals, A number of factors influence this shift from elemental values. 
Firstly, there is a volume contraction upon alloying, the molecular 
volume of the alloy being less than the sum of the elemental volumes. 
This volume contraction affects the elemental band centers of gravity 
and bandwidths (14). The energy change associated with the volume con­
traction is evaluated from bulk compressibility data. 
11 
Secondly, there Is a d-e1ectron transfer upon alloying. In order 
to predict the correct direction and magnitude of charge transfer, 
Watson and Bennett (15) have assumed that the elemental constituents In 
the alloy Interact only with like atoms. The d-electrons are then 
transferred from one set of sites to the other In order to bring their 
local chemical potentials, Ep, to a common value, resulting In the 
shifting of their centers of gravity with respect to one another. Be­
sides the shift in the hand centers, there Is an energy associated with 
the bringing of the local chemical potentials to a common value (15). 
In addition, there is a d-charge transfer when the occupied d-lev-
els of the two sites hybridize to form the alloy band. Finally, the d-
electron effects are screened by interatomic conduction electron trans­
fer. Because of the screening the conduction electrons, the energy 
associated with d-electrom transfer arising from hybridization can be 
neglected. 
Therefore, the elemental band centers and ban{Widths in Eq. (19) 
should be replaced by and Cg, and and Wg, respectively, with 
the latter values being evaluated after taking into account the changes 
due to volume contraction as well as the chemical potential shift. The 
alloy band center of gravity and bandwidth given hy Eqs, (20b) and (21), 
respectively, are modified in a similar manner. 
Therefore, the enthalpy of alloy formation can be derived as the 
sum of the modified version of Eq, (19), the energy associated with 
volume contraction, and the energy of the chemical potential shift. 
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Miedema Model 
In this model, the Wigner-Seitz concept of atomic cells of the pure 
metals has been applied to the formation of a binary alloy (16). The 
model assumes that the volume of the atomic cells of the two types of 
metal atoms in a binary alloy are essentially similar, in a first-order 
approximation, to that for the pure elements, i.e., there is no change 
in atomic volumes upon alloying. The alloying energy effects, there­
fore, are a result of the change in the boundary conditions upon trans­
fer of atoms from the pure metals to the alloy. 
The change in boundary conditions results in two opposing effects. 
Firstly, there is a discontinuity in the density of electrons, 
at boundaries between dissimilar atomic cells In the alloy. The elec­
tron density must be continuous across the boundary between dissimilar 
atoms. The <tens1ty discontinuity, therefore, has to be removed, and 
this leads to a positive contribution to the alloying energy. 
Secondly, the cheoiical potential for electrons, in the two 
types of cells are generally different. The need for equality of the 
chemical potential for electrons In the alloy, therefore, results In a 
net charge transfer. This displacement of char^ l(Mers the energy of 
the alloy and, thus, provides a negative contribution to the energy of 
alloying. 
These two opposing effects can be combined to give the following 
empirical expression for the heat of formation of a binary alloy: 
13 
aH , -P(A**)2 + - R (22)  
where aM Is the enthalpy of formation per gram atom of a Hoy, and P and 
0 are constants for a given group of alloy systems, is the differ­
ence In chemical potential for electrons in the two pure metals, and 
ân^5 is the discontinuity in the density of electrons at the bound­
ary between dissimilar Migner-Seitz cells. R represents an additional 
energy contribution for binary alloys containing at least one transition 
metal, and arises from hybridization effects that occur when a metal 
atom with d-type electron levels comes close to a metal atom with p-type 
electron states. R is taken to be zero for nontransition metal alloys. 
For a more quantitative description of the enthalpy of formation, 
aH, its concentration dependence has to be taken into account. The 
concentration dependence of aH involves the determination of the rela­
tive contàct surface area between the atomic cells of the two dissimilar 
metals, A and B, 
The surface area concentration of metal A, C|, is given by 
the relation 
(23) 
W' * 
where is the atomic concentration of A, and and Vg are the 
molar volumes of the pure metals A and B, respectively. 
14 
In the mortel, the heat of formation is proportional to the degree, 
f(l« hy which atoms of A are surrounded by neighboring B atoms. 
For a statistical distribution of atoms, this is given by 
fj • 1 - Cj . (24) 
For ordered compounds in binary systems, however, the contacts between 
dissimilar atoms occur more frequently than for a statistical distribu­
tion. Miedema and de Chàtel (16) obtained the following empirical rela­
tion for fg: 
f g  '  ( I  -  C % ) ( 1  +  8 ( C % ) 2 ( 1  -  C j ) ^ )  .  ( 2 5 )  
In the above equation, C| is the surface area concentration of 
metal A, and is given by the relation in Eq, (23). As a result of 
alloying, however, there will be changes in atomic volumes due to charge 
transfer. Therefore, should be replaced by V^(alloy), the volume 
of A in the alloy. V;^(alloy) can be calculated from the relation 
V^Z/Sfalloy) = V^^^^(pure){l + f • fJ(A#*)) (26) 
where f is a proportionality constant and is equal to 0,14, 0,10, 0,07, 
and 0,04 for monovalent, divalent, tri valent, and higher valent metals, 
respectively. 
15 
The heat of formation Is assumed to be linearly proportional to 
fg, and Is given by the relation: 
«"f • 
where ^ Is the heat nf solution of A In B, M (edema and 
de Chàtel (16) have shown that ^ can be obtained from the 
following expression: 
2 V 2/3 
"  I -  " 1  •  
(28) 
Miedema (17) has shown that, for transition metals as well as nontransi-
tlon metals, the density of electrons at the cell boundary, n^^, can 
be approximately correlated with the square root of the ratio of the 
bulk modulus, B, and the molar volume, V^. Values for ** have been 
derived from experimental data on the work function of the pure metal 
(17), 
The enthalpy of formation of binary alloy systems of A and B can, 
therefore, be evaluated from the expression: 
2 X f^ V 2/3 
16 
In the above formulation, the parameters P and Q are empirical in na­
ture, and are derived from experimental data on a number of alloys. 
17 
SECTION I. THERMODYNAMICS OF FORMATION OF YTTRIUM-IRON ALLOYS 
18 
ABSTRACT 
Solid electrolyte electromotive force cells have been used to de­
termine the Gibhs free energies, enthalpies and entropies of phase for­
mation for YgFe^,, YgFegg, YFe^, and YFeg over the temperature range 893 
K to 1271 K. Solid CaFj was employed as the electrolyte. The enthal­
pies of formation of the V-Fe phases lie between -6 to -9 kJ/gm-atom. 
Comparison of the experimental values for the Sibbs energies of forma­
tion of the V-Fe phases at 973 K with those of the Th-Fe, Th-Co» Th-Mi, 
La-Co and La-Ni systems show an empirical correlation with the total 
number of bonding electrons in these alloy systems. 
19 
INTRODUCTION 
An initial review of the phase relationships in the Y-Fe system 
was Hone in 1961 hy Gschneidner (1), and a second review was done in 
1982 by Kubaschewski (2), Both reviews agree in acceptance of the baste 
diagram proposed by Domagala et al. (3). Kubaschewski, has, however, 
made minor revisions to phase stoichiometries to bring the diagram into 
accord with results from rrore recent crystallographic studies. The 
Kubaschewski version of the diagram is shown In Fig. I. Neither 
Gschneidner or Kubaschewski accepted the equilibrium existence of a 
phase at a stoichiometry of YFe^ that was reported by Farkas and Bauer 
(4) and hy Nassau et al. (S). The reasons for rejection appear sound, 
and Taylor and Po14y (6) have been unable to find the phase. Further, 
it may be noted that the alloying behavior of yttrium generally paral­
lels that of the heavier lanthanons, and the binary systems Gd-Fe (7), 
Tb-Fe (8), Dy-Fe (9). Ho-Fe (10-12). Er-Fe (13,14), Tm-Fe (15). and Lu-
Fe (15) each have the same intermediate phases as in Fig, 1 without 
existence of any LnFe^, 
A crystallographic study by Zarechnyuk and Kripyakevich (16) found 
the most iron-rich phase in the Y-Fe system to have an ideal stoichi-
ometry of Y^Fe^, with a Th^Ni^^-type structure, A subsequent study by 
Buschow (17) found the phase to be dimorphic with the higher temperature 
form being ThjMij^-type and the lower temperature form being the 
Th^Zn^y-type, but no transformation temperature has been established, 
Kripyakevich et al, (18) and Kharchenko et al. (19) have independently 
20 
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Figure I. The yttrium-iron phase diagram 
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reported 'YFe^' to have an Ideal stoichfometry of YgFeg; and to be iso-
morphous with Both van Vucht (20) and Rwschow (21) have con­
firmed the existence of a phase with stoichlonetry YFe, and with the 
PuNtj-type structure. The (t»st yttrium-rich phase is YFe^ and is a 
Laves phase with the MgCuj-type structure (5,22,23). All of these 
phases are structurally related and form primarily because of packing 
considerations. 
No experimental thermodynamic data for the Y-Fe system are avail­
able. van Ma) et al. (24) have estimated the heats of formation for 
the four intermediate phases on the basis of Miedema's theory (25), and 
Watson and Bennett (26-28) have developed a simple electron band theory 
model for predicting the order of magnitude of the heats of formation 
of alloys between metals with d and/or £ bands. For the Y-Fe, Y-Co and 
Y-NI systems, the predictions of the two theories were Initially quite 
different, so these system were chosen for the present EMF Investiga­
tion In order to distinguish the relative validity of the two ap­
proaches. A secondary reason for the study was to develop a thermody­
namic base to determine whether the competitive phase equilibria could 
he analyzed to explain the glass-forming tendencies (29,30) in these 
systems. 
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PROCEDURE AND RESULTS 
Alloys were prepared hy arc melting 6,5, 13.6, 21.2 and 29.5 at.?. 
Y (lu, 20, 30 and 40 wt.* Y) on a water-cooled copper hearth under an 
atmosphere of purified argon. Arc-melted buttons were inverted and 
remelttd at least five times to ensure homogeneity. Yttrium was pre­
pared at this laboratory and the impurity analysis for the yttrium of 
the latter three alloys is shown In Table I; the yttrium In the yttrium-
poor alloy with 6.5 at.% Y was slightly less pure but the dilution fac­
tor was greater so the total Impurity content of the alloy was compara­
ble. Electrolytic iron was obtained from the Slidden Company and the 
Iron analysis is shown in Table 2. The 6.5 at.% Y alloy lay in the two-
phase field between Fe and Y^Fej^, the 13.6 at,% Y alloy between YgFe^? 
and Y^Fe^g, the 21.2 at.% Y alloy between Y^Feg, and YFe,, and the 29.5 
at.% Y alloy between YFe^ and YFcg. 
Fine particles of the four alloys and of yttrium were produced in 
a dry box under purified helium either by crushing in a diamond mortar 
or by filing with a tungsten carbide file. Only those particles passing 
throu0 a 60 msh screen were retained. The equilibrium phases in the 
6.5, 13.6, and 21.2 at.% Y alloys are all congruently melting, so the 
temperatures of the EW measurements were considered as providing ade­
quate anneals. The YFe^ phase of the 29.5 at.% alloy, however, decom­
poses by peritectic reaction, and this latter alloy was annealed for 25 
days at a temperature 50® below the peritectic temperature to facilitate 
equilibration. For all alloys x-ray powder diffraction data were taken 
23 
Table i. Impurity analysis of yttrium^ 
Impurity Impurity content {at. ppm) 
Spark Source Mass Vacuum Carbon Absorption 
Spectrometric Fusion Combustion Analysis 
Analysis Analysis Analysis 
H 
B 0.07 
C 
H 
0 
Mg 0.1 
A1 3 
Si 3 
CI 3 
Ca O.l 
Tl O.A 
Cr 0.5 
Fe 
Ni 3 
Cw 5 
w 
Pb 20 
La 3 
Ce 2 
Pr 4 
Gd 2,1 
Tb 4,5 
704 
141 
25 
834 
a 
22 
*Li, Be, Na, P, S, K, V, Mn, Co, Zn, 6a, 6e, As. Se. Br, Rb, Sr. 
Zr, Hb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb» Te. I, Cs, Ba, Hf, Ta, Re, 
Os, îr, Pt, Au, Hg, Tl, Bi, Tb, U. Sc. Nd, Sm, Eu. 1^, Ho, Er, Tm, Yb, 
and Lu were below detectable limits by spark source mass spectrometer 
analysis and F was below detectable limits by absorption analysis. 
24 
Table 2. Impurity analysis of iron 
Impurity Amount 
wt, ppm 
Oxygen 107 
Nitrogen 50 
Carbon 89 
Hydrogen 10 
Tunystpn 10 
Copper <8 
25 
with a Picker diffractometer and no reflections were observed that were 
not characteristic of one or the other of the expected phases at the 
specific alloy composition. 
Electrode pellets were prepared by mixing -.80 wt.% metal particles 
with -20 wt.% YFj powder. These mixtures were transferred to a press 
In plastic bags containing inert gas. With the press, the pellets were 
compacted In a tungsten carbide die to 23,000 psi. The electrode pel­
lets were then transferred, again under protective atmosphere, to a 
furnace where they were arranged to form galvanic cells, were encased 
in a protective boron nitride casing, and were loaded Into the furnace. 
Single crystals of solid CaF^ In the form of thin wafers were used as 
the solid electrolytes, and V» VF^ pellets were used as reference elec­
trodes. Electrical contact to the electrodes was via platinum leads 
through tantalum discs. Cell temperatures were measured with chroml-
alumel thermocouples, and EMFs were measured with a Fluke 8800A digital 
multimeter. The electrochemical cells were operated under purified 
argon atmospheres, and the cells were allowed to equilibrate for 5-6 
days at elevated temperature prior to EMF nwasurements. 
EMF measurements were made on the following galvanic cells where 
the electrodes on the ri^t correspond to the four alley compositions 
in the order of Increasing yttrium concentration 
Y, YFjiCaFglYFj, Fe. YgFe^, (1) 
Y, YFgiCaFglYFg, YgFe^^, YgFegg (2) 
26 
Y» YFjiCaFgiYFg, Y^Fegg, YFe, (3) 
Y, YF^iCaF^lYFj, YFe,, YFCg (4) 
and the cell reactions may he represented as 
Y +(l7/2) Fe J (1/2) VgF*!? 
or 
^ * ( rT3 ) : ( rH ^ *f"b 
In hts review of electrochemical techniques. Orlani (31) has SUITH 
marlzed the requisite criteria for reversible cell operation. The three 
primary criteria are that the open circuit volta^ should show no sig­
nificant time variation at constant temperature, should have the saiw 
value regardless of the direction of approach to the equilibrium temper­
ature, and should recover to the same value after passage of current in 
either forward or reverse direction. During the present experiments, 
only those data which obeyed these reversibility criteria were retained. 
For reversible cell operation at fixed temperature, the Sibbs free 
energy of reaction Is expressed by the relation: 
&Gy = -3 F E° (5) 
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where F is the Faraday constant, E" is the open circuit EMF, and 3 is 
the number of electrons per ion involved in the reaction. Measurements 
were made over the temperature range 893 K to 1271 K where CaF* is known 
(32) to be a good ionic conductor with negligible electronic conduction. 
Raw data points, though taken in random order, are listed in the order 
of increasing temperature in Table 3, and points from independent runs 
at the same composition are not differentiated. Figure 2 shows the 
least-squares fits of the EMF data as functions of temperature. With 
neglect of the very limited ranges of homogeneity which are indicated in 
the phase diagram, the fitted data yield the following relationships for 
the standard Gibbs energy of formation of the four Internwdlate phases: 
» • Fe ; j 
A6J [YgFei,] '  2[-3 F Ep 
'  -121.22 + {35.98x10-3)1 kJ/mole of *2/l9^®l7/19 
^ ^ H *2^*17 t % *6^*23 
AGfCYgfegsl '  17 C-3 F E|1 + AGfCYgFe,,] 
" '3^17 + T7 
= -234.59 + (64.90x10-3)1 kJ/mole of *6/29^*23/29 
Y + i V6f*23 ; YF*3 
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Table 3. Experimental EMF data at measured temperatures for various Y-
Fe compositions 
Composition Temp EMF Composition Te# EMF 
(at.* Y) (K) (mV) (at.% Y) { < )  (mV) 
893 156.6 
986 146.7 
1046 147.4 
1073 138.3 
1073 140.5 
1109 138.5 
1186 132.1 
1187 137.7 
1190 139.2 
1190 134.7 
1192 135.1 
1192 138.2 
1027 57.7 
1066 54.6 
1078 56.3 
1085 55.1 
1127 54.0 
1130 55.0 
1193 53.3 
1196 54.8 
985 28.8 
991 24.1 
1054 20.5 
1056 21.5 
1059 20.6 
1066 21.4 
1071 18.4 
1082 22.7 
1091 19.0 
1110 21.4 
1112 21.2 
1125 18.8 
1132 18.2 
1134 17.9 
1135 17.4 
1144 17.3 
1159 17.1 
1185 16.5 
1209 14.4 
1209 13.3 
1210 14.0 
1235 13.2 
1238 11.5 
1271 7.9 
1271 7.0 
1002 26.4 
1040 28.3 
1047 29.8 
1061 30.4 
1071 29.7 
1075 30.7 
1120 31.4 
1131 34.3 
1135 35.1 
1140 33.4 
1143 34.1 
1164 34.8 
1166 35.9 
1170 36.0 
1173 35.6 
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Figure 2. Electromotive force data as functions of temperature for 
various alloys and reactions 
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iSJCVFej] .  ^  t-3 f E51 > |j 
• -3F(|j E5 • ^ EJ] 
» -35.87 + (12.U X 10-3)T kJ/mole of (8) 
Y + gYFe^ Î SYFeg 
AGfCYFeg] - ^ E-3 F EJ] + f AGfEYFe,] 
• -Mi 
- -21.26 + (2.87 X 10-3)T kJ/mo1e of Yi/gFegV] ' 
It m^y be noted in Table 3 that several data points for the 6.3 
at.% Y alloy are as much as 8* above the temperature of 1184 K which Is 
the temperature of the €»*•* transformation in pure iron and which is 
shown in Fig. 1 ^ a dashed line. The dashed line, however, is most 
likely to be much too low for the two-phase region because data (7) 
which are available for Sc. Nd, and Gd show that these elepwnts raise 
the temperature of the transformation significantly and Y should 
therefore do likewise. On this basis no distinction has been made 
between the points above and below 1184 K, though it may be noted that 
a least-squares fit to the data with the exclusion of the higher temper­
ature points is within the uncertainty of the fit in Fig, 2, These 
considerations indicate that the thermodynamic functions for intermedi­
ate phase formation in the Y-Fe system which are summarized in Table 4 
may be taken as referring to pure a Fe and pure solid Y as the standard 
states. 
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DISCUSSION 
The Miedema theory (33) predicts enthalpies of Y-Fe phase formation 
to he of the order of -2 kJ/gm-atom. In contrast, the Watson-Bennett 
model (28) predicts enthalpies of phase formation to be of the order of 
-13 kJ/gm-atom. An Interpolated value of -5,3 kj/gm-atom for an eqwl-
atomlc alloy m#y he obtained from the data In Table 4, This number 
differs from both predicted values hy a smaller factor of -l but. 
Interestingly, In opposite sense with the Ml edema value being smaller 
and the Watson-Bennett value being larger. Actually, as Watson and 
Bennett point out In their report (28), the asymmetry of the enthalpies 
of phase formation In this system makes the Interpolated value of -5.3 
kJ/gm-atom a poorer value for comparison than the more negative values 
of -B to -9 kJ/gn-atom of the YgFeg) and YFe^ phases, so the 
experimental data favor the Watson-Bennett result. This single set of 
data for the Y-Fe system are, however, far from definitive, and addi­
tional data for the V-Co and Y-Ni systems are being accumulated and 
should be useful. Preliminary data for the three Co-rich intermediate 
phases in the Y-Co system yield Gibbs energies of formation that are 
generally comparable to those of Th-Fe alloys. These Y-Co data indicate 
that the enthalpy of formation of an equiatomic alloy should lie in the 
range -12 to -26 kJ/gm-atom, but a more constrained value waits the 
conclusion of experiments in progress. Current predictions for the 
enthalpy of formation of such an alloy are -24 kJ/gm-atom from the 
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Table 4. Thermo (dynamic functions for the formation of Y-Fe alloys* 
Phase -A6§73 -AH§73 -âS|73 
kJ/gm-atom kJ/grv-atom J/gm-atom K 
4.5410.05 6.38*0.31 1.90i0.28 
*6^*23 5.9U0,a7 8.U9t0.49 2.24tO.44 
YFe, 6.02t0.U8 8.97*0.54 3.03£0.48 
YFeg 6.l5tO.U9 7.09*0.61 0.96(0.55 
*Th# quoted uncertainties refer to standard deviations. 
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Watson-Bennett approach (28) and -30 kJ/gm-atom from the Meldema ap­
proach (33), 
The present values for the Gibbs energies of formation of the Y-Fe 
phases at 973 K are compared with those of the Th-Fe (34), Th-Co (35), 
Th-NI (36), La-Co (37), and La-NI (38) systems in Fig. 3. The Glbbs 
energies rather than the enthalpies were chosen for comparison because 
an data are based upon EMF measurements and one loses about an order 
of magnitude In precision when enthalpies are evaluated from the temper­
ature dependences of the Gibbs energies. Examination of the trends In 
Fig. 3 shows an empirical correlation with the total number of valence 
electrons* This presupposes that, because the crystal structures In all 
systems are closely related, the number of electrons above the loo cores 
which are abstracted Into nonbonding configurations is constant from 
system to system. Then, because the number of valence electrons from La 
and Y Is three and from Th is four and because the number of electrons 
increment by one each from Fe to Co to Mi, the total nufrtber of bonding 
electrons should be greatest for the Th-Ni system and least for the Y-Fe 
system. Further, the number of bonding electrons should be essentially 
the same for La-Hi and Th-Co, and similarly, the nupAer for La-Co should 
be comparable to the nuWwr for Th-Fe. Such a pattern is observable in 
Fig. 3. Extrapolation of this reasoning leads to the expectation that 
values for the Y-Co system will be found comparable to the values of the 
La-Co and Th-Fe systeo» and values for the Y-Ni system will be found 
comparable to the values of the La-Mi and Th-Co systems. 
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SECTION n. THERMODYNAMtCS OF FORMATION OF YTTRIUM-COBALT ALLOYS 
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ABSTRACT 
The Gibbs free energies, enthalpies, and entropies of phase forma­
tion were determined for nine Y-Co intermediate phases from electromo­
tive force measurements. Solid CaF^ was employed as the electrolyte, 
and EMF measurements were made over the temperature range 850 K to 
1200 K. The data Indicate that the Gibbs free energies of formation per 
mole of Y reactant are nearly constant for the four Y-poor phases. Such 
behavior is associated with the close structural similarity of these 
phases. The present experimental Gibbs energy data at 973 K are com­
pared with those of the Th-Fe, Th-Co, Th-Ni, La-Co, La-Mi, and Y-Fe 
systems. It was observed that the Gibbs free energy of formation can be 
empirically correlated with the total number of valence electrons In 
these alloy system. The enthalpy of formation of an equlatomlc Y-Co 
alloy was determined to be -27.1 kJ/mole atoms. This experimental value 
Is In good accord with the theoretical predictions of the Miedema and 
Watson-Bennett models. 
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INTRODUCTION 
Watson and Bennett (1) have suggested that the thermodynamics of 
phase formation for the Intermediate phases In the Y-Fe, Y-Co, and Y-NI 
systems should provide a good basis for evaluating the predictions of 
their simplified electron band theory model for estimating enthalpies of 
formation of binary phases that form from elements both of which utilize 
d-states In their bonding Interactions. Pursuant to the accumulation of 
the desired data, EMF measurements on the Y-Fe system (2) have been 
completed and published. The present study Is a continuation of that 
effort and deals with the thermodynamics of formation of the phases In 
the Y-Go system. 
Phase diagrams for the complete Y-Co system have been proposed I# 
Pel leg and Carlson (3) with nine intermediate phases, by Strnat et al. 
(4) with later minor modification by Ray (5) with eight intermediate 
phases, and by Buschow (6) with eight intermediate phases. These inves­
tigations agree as to the existence of phases at stoichiometries of 
YjjCOj^, YCoj, YC03, YCOg, and Y^Co. There now seems little doubt that a 
phase originally indicated by Pelleg and Carlson to be YCo^ is actually 
the Y^Co^ phase of Strnat et al. and of Buschow. With regard to Y^Co^, 
crystallographic evidence (4,6-9) indicates the phase to be dimorphic 
through a transition temperature has not been established. So also is 
YC03 indicated to be dimorphic (4,6,8-12), but again no transition tem­
perature has been established. In both instances, the polymorphic form 
are simple stacking variations analogous to the stacking difference 
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between the cubic closest-packed and hexagonal closest-packed elemental 
structures. Lemaire (10,13) has discussed the structural relationships 
among the Co-rich Y-Co phases from YgCo*, through YCOgi the crystal 
structures of these phases all result primarily from atomic packing 
considerations and, on this basis, the enthalpies of phase formation per 
mole of y should be relatively insensitive to stoichiometry. 
A phase, not found in any of the forementioned phase diagram inves­
tigations, was reported by Khan (7) as occurring at a stolchiomotry of 
VjCoj, with a temperature range of stability at elevated temperatures. 
If this phase is an equilibrium phase in the pure binary system, it 
represents unusual behavior for Y because Y norm!(y exhibits alloying 
behavior analogous to that of the heavier rare earths such as Tb, Ho, 
and By. For none of the heavier rare earths has a TgCo*, phase {T rep­
resenting a rare earth) been reported, though such phases occur {») in 
the Co systems of the lighter rare earths; La, Ce, Pr, and Nd, In any 
case, the crystal structures of T^COj, phases share many of the struc­
tural features of the other Co-rich Y-Co phases. A second report (14) 
also indicated the YgCo^, phase to exist but found the ran# of stabil­
ity extending to room temperature and below. These two reports of the 
existence of Y^Co^g together with the absence of reports other inves­
tigators who have looked in the same composition range indicate that the 
stability of the phase is, at best, marginal with occurrence or nonoc­
currence being dependent upon minor thermodynamic contributions such as 
those that might arise from small variations in purity, strain, etc. On 
this basis, the Gibbs energy of formation of the phase, in a plot of 
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Gfbbs energy of formation per mole of atoms vs. mole fraction of either 
component, should lie very near a linear interpolation between the 
points for the Gibbs energies of formation of YGo* and YgCo?. Thus» 
even If the phase is truly a stable member of the pure binary system, 
the failure to observe or consider YjCoj, during the present study 
should introduce negligible error in the derived thermodynamic values 
for the other phases. 
In the composition region between YGOg and YjCo, there Is some 
disparity among the three investigations of the Y-Co phase relation­
ships. In this composition region. Pel leg and Carlson (3) reported only 
YgCo,, YCo, and Y^Cog: Strnat et al, (4) reported Y^Co, and Y^COg, and 
in a revised version of Strnat's diagram, Ray (5) reported YgCo, and 
Y^Co,; Buschow (6) found phases at 41 at,% Y and 62 at.% Y though he 
referred to the 62 at.% Y phase as Y^Coj (57.1 at.% Y). More recently, 
Srover et al. (15) have examined the phase relationships in the region 
between 50 at.% Y and 75 at.% Y with metallography, thermal analysis, 
magnetic and superconductivity measurements, and x-ray diffraction. 
Grover et al. fwnd the phases YCo, Y^Co?, Y^Cog, and confinrod Y^Co, 
In addition, the phase Y^COg, whose crystal structure was determined by 
Moreau et al. (16), was shown to be metastable with the phase Y^Co^, 
whose crystal structure was also determined by Moreau et al. (17), being 
the stable phase at 61.5 at.% Y in close accord with the composition of 
62 at.% Y found by Buschow (6). A crystal structure determination by 
Grover et al. showed the phase, that was previously thought to be Y^Co,, 
to actually be YgCo?. Indeed, the volume of the unit cell of the YgCOy 
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Structure is three times the volume of the unit cell reported t'y Lemaire 
et al. (18) for Y^Cog with the YgCo, unit cell having four fewer Co 
atoms than three of the unit cells of the earlier proposed Y^GO) struc­
ture. Actually» the structure determination by Lemaire et al. involved 
a number of T^Go, phases with T being Y or a rare earth, and the primary 
structure determination was done on a single crystal of Ho^Coj^gy 
whose 43.4 at,% Co is very close to the 43.7 at,% Co of Y^Co^, so the 
possibility exists that all 'T^Co,' phases are T^Go? phases. 
Crystallographic data for the various Y-Co phases are shown to 
Table I, and an eclectic phase diagram for the Y-Co system is shown In 
Fig. I, In general, the peritectic and eukectic temperatures have un­
certainties of the order of lO-lS*. The diagram of Fig, I is compatible 
with the findings of the present investigation in that phases were ob­
served at the stoichiomet ries of Y^Coj^, YCo^. YgCo?, YCo,, YCog, YgCo^, 
YçCo^, YgCOj, and YjCo but not at Y^Co^,, YCo, nor Y^COg. The absence 
of YCo is discussed in more detail in the subsequent text. It should be 
emphasized that in the Y-Co system many phases, including glasses (19-
Zl), are in competition for existence. The relative stabilities among 
these co^etitive phases are obviously delicate so that the appearance 
or nonappearance of a phase may rest upon quite minor considerations of 
kinetics, purity, strain, etc. It is believed that the present thermo­
dynamic measurements represent equilibrium measurements for Y-Co alloys 
prepared fr<wi Y and Co of specific analyzed purity and, while other Y-Co 
alloys with minor differences in impurity content mi^t differ with 
respect to the presence or absence of one or another phase, similar 
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Table 1. Crystal systems, lattice parameters, and crystal structure 
types reported for various Y-Co alloys 
Compound 
Crystal 
System 
Structure 
Type 
lattice 
Parameters (A)* 
References 
YgCOj; Hexagonal ThgiNI a • 8.341 
c - 8.125 
4,(8),10 
YC05 Hexagonal CaCu^ a • 4.948*0.003 
c • 3.975*0.002 
3,4,7,8, 
13,22,(23) 
YgCo, Hexagonal CegNI2 a » 5.007 
c - 24.143 
4,(7) 
Rhombohedral a • 5.03 
c • 36.91 
6.7,(8),9 
YC03 Hexagonal CeNI] a » 5.020*0.005 
c • 24.40*0.03 
4,9,10.11, 
(12) 
Rhombohedral PUMI3 a » 8.634*0.009 
«0 • 33.80**0.08* 
6,8.9,(12) 
YC02 Cubic MgCug a » 7.216*0.002 4,10,(24) 
Y2C03 Cubic 6d2Co3 a » 7.996 (3) 
Y4C03 Hexagonal H04C03 a » 11.529*0.004 
c » 4.041*0.002 
9.(18).25. 
26,27,28 
Y ^Gog Orthorhombic QysNig a • 12.248 
b » 9.389 
c » 3.975 
(16) 
fgCos Monocllnic Not 
reported 
a » 7.058 
b » 7.286 
c » 24.277 
; ' 102.11* 
(17) 
Y3C0 Orthorhombic AÎ a « 7.026 
b » 9.454 
c = 6.290 
6,(8) 
^Lattice parameters are from the references given in parentheses. 
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thermodynamic measurements on those alloys should yield thertrodynamic 
data for equivalent phases in close accord. In essence, small differ­
ences in purity should cause small differences in enthalpies and entro­
pies. These small differences, particularly those in entropies because 
of the temperature factor, modify the relative stabilities of competi­
tive phases but make relatively little difference in the overall contour 
of the Gibbs energy of alloy formation as a function of composition. 
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EXPERIMENTAL PROCEDURE AND RESULTS 
Alloys were prepared by arc melting appropriate amounts of cobalt 
and yttrium on a water-cooled copper hearth under an atmosphere of pure 
argon. Momogenization of the alloys was ensured by successively in­
verting and remelting the arc-melted buttons at least five times. 
Yttrium was prepared at this laboratory and its impurity analysis was 
reported In the earlier stu<iy (2). Impurity analysis of the cobalt is 
shown in Table 2. Six alloys were prepared in the region 6-40 at.% Y. 
These alloys had compositions of 6,9, 14.2, 18.1, 23.5, 30.7, and 36.2 
at.% Y, and lay within the two-phase fields, respectively, between Co 
and Y-jCojy, YgCo*, and YCo*, YCOj and Y^Co?, YgCo? and YCOj, YCOj and 
YCOg, and YCo^ and Y^CO;. In the region 4U-80 at.% Y, four alloys were 
prepared with compositions 44.8, 55.2, 58.2, and 66.5 at.% Y. The 
former two alloys lie on either side of the equiatomic composition, and 
were prepared in order to verify or refute the presence of the YCo 
phase. The 58.2 at.% Y and 66.5 at.% Y were located in the two-phase 
field between Y^Co^ and Y^Co; and between Y^COj and Y^Co, respectively. 
Alloys that formed through peritectic reactions were sealed in 
tantalum crucibles and annealed for 25-30 days at a temperature -25" 
below the peritectic temperature to ensure the formation of equilibrium 
phases. The 6,9 at.% Y and 66.5 at.% Y allays passed through eutectic 
transformations and were not heat treated. 
Fine particles were produced from the brittle alloys by crushing in 
a diaoKHid mortar, and from nonbrittle alloys and yttrium by filing with 
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Table 2. Impurity analysis of cobalt* 
mpwflty Amount Impurity Amount 
(at. ppm) (at. ppm) 
Li 0.1 Ti 10 
B 0.1 Cr o.m 
C 9 Mn 1.2 
N 10 Fe ino 
0 17 Ni 320 
F 0.9 Cu 2? 
Na 9 In 75 
Wg 2 Se 3 
2 Sr 3 
Si 60 I 0.4 
CI 3 Ba 2 
K 10 Hy 0.21 
Ca 10 Oy 1.8 
^Impurities were analyzed spark source mass spectrometry. Be. 
P. S. Sc. V. Ga, Ge, As. Br. Rb, V. Zr. Mb. Mo. Ru. Rh. Pd. Ag, Cd. în, 
Sn. Sb. Te. Cs. Jf. Ta. W, Re. Os. Ir. Pt. Au. Tl. Pb. Bj. Ra. Th. U, 
La. Ce. Pr. Hd. Sm, Eu. Gd. Tb. Ho, Ir. Tu». Yb. and Lu were below 
detectable limits by spark source mass spectroBWtric analysis. 
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a tungsten carbide file. Large particles were removed by passing the 
powders through a 60-mesh copper sieve. All operations for the prepara­
tion of the powders were performed in a dry box under purified heIiwm. 
For x-r^ verification of the phases present in each alloy, fine 
metal particles were sealed into capillary glass tubes inside the dry 
box. For the 6.9, 14.2, 18.I, 23.S, 30.7, 35.2, 58.2, and 66.5 at.% Y 
alloys, Debye-Scherrer powder diffraction data showed reflections char­
acteristic of the two equilibrium phases to be expected for the specific 
alloy composition on the basis of the phase relationships in Fig, I. 
Diffraction patterns from the 44,8 and 55,2 at,% Y alloys showed identi­
cal diffraction maxima with regard to line position but with some inten­
sity differences. This indicates the absence of a phase at a stoichiom-
etry of VCo, Both these alloys, therefore, lie in the same two-phase 
field between YgCOg and Y^Co^. Linear analyses of photomicrographs from 
both alloys showed the percentage of each of the constituent phases to 
be in accord with phase compositions of YgCo^ and Y^Go? in corroboration 
of the x-ray evidence for the absence of YCo, Metallographic examina­
tion of all alloys shewed two-phase microstructures in amwnts qualita­
tively in accord with the alloy composition and the phase compositions 
of the diagram in Fig, 1, 
Electrode pellets were prepared in a dry box by mixing metal powder 
with .20 wt,% YFj powder. The powder mixtures were transferred into 
tungsten carbide dies, and the dies were taken to an external press in 
plastic bags filled with purified helium. The mixtures were then com­
pacted to 25,000 psi in the tungsten carbide dies. The electrode pel­
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lets were arranged to form electrochemical cells Inside a boron nitride 
cell assembly. Single crystals of CaF^ were used as solid electrolytes 
and were obtained from Optovac Inc. Tungsten foils and platinum leads 
were used as electrical contacts in the galvanic cell. Cell voltages 
were monitored with a Fluke B800A digital multimeter and temperatures 
were measured with a chromel-alumel thermocouple. After assembly of the 
cell inside a Lindberg Hevi-Owty resistance furnace, the system was 
flushed several times with 99,999% pure argon. The cells were then 
heated to 200®C, and maintained at that temperature under vacuum for 
several hours. The system was next filled with argon to a pressure 
slightly above atmospheric, and the cell temperature was raised to the 
desired value. Typically, a period of 5-6 d^s was allowed for equili­
bration prior to voltage measurerrœnts. In the present EMF nwasurements, 
equilibration was considered to he attained if the voltage was stea# 
within il mtf over a period of four hours. 
EMF measurements were n«de over the temperature range 850-1200 K 
with electrochemical cells of the type 
Y, YFjiCaF^lVFj. Co, YgCo^, (1) 
or 
Y, YFjiCaF^lYFj, YCo^, YCo^ ( 2 )  
51 
where YCOg and YCo^ are neighboring phases in the temperature-com­
position diagram. Ceil reactions can be writen as 
The criteria for reversible ceil operation are that the cell voltage 
should be independent of time at fixed temperature, should have the same 
value regardless of the direction of approach to the temperature of 
measurement, and should recover to the same value after the passage of a 
small quantity of current in either direction through the cell. During 
the present experiments, measurements which failed to satisfy these 
reversibility criteria were rejected. In addition, polarization tests 
were conducted by shorting the electrochemical cell and tracing the 
recovery of the EMF to its original value within 30-45 minutes. 
If the electrochemical cells are operated reversibly at fixed tem­
perature and pressure, then the Gibbs free energy change for the cell 
reaction is related to the EMF of the cell by the expression (29) 
Y + 7^ Co : 7 *2^017 (3) 
or 
(4) 
= -nFE' (5) 
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where F Is the Faraday constant, E® is the open circuit EMF, and n Is 
the number of electrons involved in the cell reaction and is 3 per ion 
of Y in the reaction. Though taken in random order, experimental data 
points are listed in the order of increasing temperature in Table 3. 
Least-squares fits of the experimental EMF data as functions of tempera­
ture are shown both graphically and analytically in Figs. 2 and 3. For 
some of the cell reactions, EMF data were taken from two Independent 
runs, and these are indicated In the figures. There are limits to the 
temperature range available for EMF measurements. For phases which 
decompose peritectically, the upper limit of the temperature range is 
determined by the perltectic decomposition temperature and the lower 
limit is set by the ionic mobility necessary for ionic conduction in the 
solid electrolyte. For the Y-Co alloys, the available temperature ran#; 
decreases with increasing Y content; for this reason, only a limited 
number of data points were accumulated for alloys with the two highest Y 
contents. 
The solid solubility of Y In Co is negligible, and there Is no 
appreciable range of homogeneity in àt^ of the intermediate phases at 
the temperature of measurement. On this basis, the pure solid phases 
can be chosen as standard states with Invariant activities in the al­
loys. The present EMF data, therefore, yield standard GIbbs free ener­
gies of phase formation as follows; 
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Tahie 3. Experimental electromotive force data at measured temperatures 
for various Y-Co compositions 
Composition Temp EMF Composition Temp EMF 
(at.% Y) (K) (mV) (at.% Y) (K) (mV) 
Run 1 23.5 884 239.3 
im 253.7 890 239.7 
1071 261.4 900 238.5 
1071 258.8 979 242.1 
1079 256.3 1028 232.5 
1101 255.4 1035 237.9 
1113 259.7 1046 237.U 
1114 259.6 1049 230,9 
1120 260.6 1065 230.1 
1131 259.9 1099 232.5 
1135 262.3 1102 232.5 
1138 256.0 1107 234.8 
1140 256.4 1124 238.7 
1143 257.0 
30.7 927 143.1 
Run 2 967 140.6 
WBT • 257.3 971 141.2 
1090 257.9 989 145.8 
1105 252.8 1001 143.2 
1106 253.3 1005 141.1 
1111 255.1 1022 141.1 
1116 257,6 1048 141.2 
1145 257.3 1124 236.3 
1145 255.5 
35.2 996 80.8 
973 242.9 999 77.4 
1031 239.2 1002 74.9 
1086 240.5 1005 76.6 
1147 238.9 1011 75.3 
1153 239.3 1012 75.2 
1158 238.9 1013 75.6 
1014 71.6 
967 241.6 1018 74.3 
1084 235.1 1020 73.0 
1116 231.0 1024 74.3 
1134 232.5 1028 75.0 
1162 228.9 1036 69.0 
1164 231.3 1048 73.5 
1174 227.6 1049 69.8 
1202 226.1 1055 67.8 
1056 68.3 
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Tâble 3. Continued 
Composition Temp EMF Composition Temp EMF 
(at.% Y) (K) (mV) (at.% Y) (K) (mV) 
932 54.5 58.2 Run 1 
938 50.5 866 
941 50.7 933 55.2 
949 48.8 953 57.7 
950 49.9 987 58.5 
954 47.4 
957 46,4 Run 2 
970 43.9 543 •48.6 
944 53.0 
809 49.0 945 47.6 
899 50.1 950 50.7 
903 51.1 
915 53.5 66.5 Run 1 
919 51.2 "958 4F.7 
940 56.2 987 41.7 
948 52.8 
952 53.9 Run 2 
955 53.5 850 38.0 
968 52.4 860 41.8 
975 48.4 
983 53.7 
967 46.4 
993 51.6 
997 45.0 
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Y > l^Co ; 7 
aC^CYgCo,;] . 2[.3F E;i 
• -144.39 - (4.05 X kJ/mo1@ (6) 
Y + ^ YgCo^, ; ^ YCo^ 
AGfCYCo*] '  ^  C-3FE|} • ^  AafCYgCOjy] 
^ -73.18 (0.72 X  10'^)T kJ/mole (7) 
AGfCYgCo;] » i [-3FEp + ^A6;[YCo^l 
155.23 + (12.15 X 10'^)T kJ/mole (8) 
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Y > 3 Y.Co, • 7 YCo. 
Z 7 • 3 
aGJEYCOJ] » j [-3 FE^l + j aG'CYgCo,] 
•" C 7 E; ' 3I q > lè E| ' TT E; î 
• -77.38 > (6.27 x 10'^)T kJ/mole { 
Y tr 2 YC03 ; 3 VCOg 
AGfCYCOg] » j [.3F E|] + I ASJCYC03I 
.68.27 > (7.17 % 10'^)T kJ/mole 
y + 3 YCOg • 2 YgGog 
j [.3F Eg] + I AG;[YC02l 
= -135.28 + (32.45 x 10"^)T kJ/mole 
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* 35 ^3 * 55 'I * 17 1 
• -63.20 - (2.89 X 10"^)T teJ/mole (14) 
Table 4 Usts values for the thermedynamk functions of formation for 
the nine Y-Co Intermediate phases. The GIbbs free energies of formation 
have been calculated for 973 K, and all the tabulated values are on a 
per mole of atoms base. 
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Table 4. Thernwdynamlc functions for the formation of Y-Co alloys: 
Gibbs free energies of formation at 973 K and mean values for 
enthalpies and entropies of formation in the range 850 to 
1200 K» 
Phase -AG973 
kJ/rwl atom 
-AH§5Q.I2UO 
kJ/mol atoms 
"^8b0-1200 
J/k mol atoms 
YgCOj; 7.8Ua.lU 7,60*0,80 -0.2110.73 
YCoj 12.08t0.ll 12.20t0.87 0.15*0.80 
15.93t0.12 17.25tO.96 1.35tO,87 
m
 
o
 17.81 to.13 19.35tl.05 1.57 to.94 
YCog 20.41 to.14 22.76tl.33 2.38tl.25 
Y2CO3 20.72tO.16 27.06tl.90 6.49tl.81 
YgfOy 19.OUtO.18 26.02t3.07 7.16t3.11 
*8^05 18.63tO.23 21.83*4,07 3.25t4.21 
Y3CO 16.51tO.36 15.80t4.98 -0.72t5.27 
*The quoted uncertainties refer to standard deviations. 
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DISCUSSION 
The present experimental values for the Glhbs free energies of 
formation of the Y-Co intermediate phases at 973 K are shown graphically 
in Ftg. 4. The GIbhs energy values for the Y-Fe (2), La-Co (30), La-
Ni (31), Th-Fe (32), Th-Co (33), and Th-Ni (34) systems and partial data 
for the Y-Ni system (3S) are also Included in the figure for comparison. 
In an earlier study (2), it was noted that there Is an empirical corre­
lation between the Gfbbs energies of formation and the total number of 
bonding electrons in these systems. The number of electrons occupying 
the 3d-levels of the transition-metal component in these intermediate 
phases increases by one each from Fe to Co to Mi. The valence electron 
contribution from Y and La is three, and from Th is four. If one as­
sumes that the number of electrons occupying the nonbonding states is 
the sane in all these system, this would imply that the total number of 
bonding electrons is least for the Y-Fe system, about the same for the 
Y-Co, Th-Fe and La-Co system, and again the same for the Y-N1, Th-Co 
and La-Ni systems, and greatest for the Th-Ni system, Examdnattom of 
the trends in Fig, 4 shows that, with the exception of the abnomuilly 
low values for the La-Co system, there is qualitative accord between the 
data and the number of valence electrons. Particularly ^od agreement 
may be noted between Y-Co and Th-Fe and between Y-Ni and Th-Co in the 
transition metal-rich regions. 
It is seen in Fig. 4 that there is a linear relation between the 
Gibbs ener^ of formation and the Y concentration for the fwr Y-poor 
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phases In the Y-Co system. This Implies that free energy values per 
mole of Y reactant are essentially constant for all these phases. Such 
behavior Is attributable to the previously noted structural similarity 
of these four phases (10,13). 
The present experimental values for the enthalpies of formation of 
the Y-Co Intermediate phases are shown In Fig. 5. Niessen and co­
workers (36) have computed the theoretical enthalpies of Y-Co phase 
formation on the basis of HIedema's theory (37). Their values are also 
shwn In Fig. 5, along with the predicted value for YCo from the Watson-
Bennett model (38). Watson and Bennett have indicated that, for systems 
In which the composition dependence of the enthalpy of phase formation 
Is asymétrie, the observed maxima in tl% enthalpy values, rather than 
the interpolated value, should be compared with the estimated value for 
the equiatomic composition. With this approach, the experimental value 
for the enthalpy of formation of an equiatomic Y-Co alloy would be equal 
to -27.1 kJ/mole atoms. The Watson-Bennett iwdel (38) predicts the 
enthalpy of formation to be -25,1 kJ/mole atoms, and the Miedema theory 
(36) predicts a value of -31 kJ/mole atoms. It may, therefore, be noted 
that the experimental value from this study lies between the two predic­
tions and is in good agreement with both. 
Table 5 shows a comparison of the theoretical predictions of the 
Watson-Bennett and Miedema models with the experimental enthalpies of 
formation for the equiatomic alloys in the Y-M, Th-M, and La-M systems 
(M i Fe, Co, and Hi), It may be noted that the Miedema predictions are 
acceptable approximations to the experimental values in three out of 
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Table 5* Comparison between theoretical predictions and experimental 
values for the enthalpies of formation of selected equiatomic 
transition metal alloys 
Watson * Bennett Miedema Experimental* ^ . 
Alloy References 
-AH(kJ/mol atoms) -àH(kJ/mol atoms) -AH{kJ/mol atoms) 
YFe 12.6 2 9 (2) 
YCo 25.1 31 27.1 This sti 
YN1 25.1 43 
ThFe 25.1 15 24.8 (32) 
ThCo 49.2 43 46.8 (33) 
ThMi 53.1 54 45.3 (34) 
LaFe 1.9 -6 Not available 
LaCo 5.8 24 8.6 (30) 
LaNI 2.9 17 31.2 (31) 
'Experimental data refer to the observed maximum value 
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seven Instances while the Watson-Bennett predictions are acceptable 
approximations in six out of seven instances, and, even in those cases 
where both predictions are acceptable, the Watson-Bennett values are 
slightly nearer the experimental values. EMF measurenwnts in progress 
on the Y-Ni system will provide an additional experimental value for 
comparison with predictions, and the comparison with this value should 
be particularly meaningful in differentiating the predictive reliability 
of the two models because for the Y-Ni system the predictions differ by 
almost a factor of two. 
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GENERAL SUMMARY 
The Gibbs free energies, enthalpies, and entropies of formation 
have been determined for the intermediate phases in the Y-Fe and Y-Co 
systems. The thermodynamics of formation of the intermediate phases 
were measured by the electromotive force technique with single crystal­
line CaF; as the solid electrolyte. The EMF data were taken over the 
temperature range 800 K to 1300 K. 
The enthalpy values for the Y-Fe alloys lie in the range -6 to -9 
kJ/ym-atom, while the values for the Y-Co phases lie between -7 and -28 
kJ/gm-atORi. The experimental values have been compared with the theo­
retical model of Miedema and that of Watson and Bennett. For the Y-Fe 
system, the experimental data tends to favor the Matson-Bennett ap­
proach. In the case of the Y-Co system, however, the experimental value 
is in good accord with both predictions. 
The Sibbs free energies of formation of the Y-Fe and Y-Co phases at 
973 K were compared with those of the La-Co, La-Mi, Th-Fe, Th-Co, and 
Th-NI systems, and it was observed that the free energies can be corre­
lated with the total number of bonding electrons in these systems. Data 
for the Y-Co alleys Indicate that the 61bb$ free energies of formation 
per mole of yttrium reactant are nearly constant for the yttrium-poor 
phases. This behavior is associated with the close structural similar­
ity of the yttrium-poor phases, and has also been observed for equiva­
lent intermediate phases in the Th-Fe, Th-Co, and Th-Mi systems. 
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